Objective-The LEW/OlaHsd and BC/CpbU rat inbred strains differ markedly in blood and hepatic cholesterol levels before and after a cholesterol-rich diet. To define loci controlling these traits and related phenotypes, an F 2 population derived from these strains was genetically analyzed. Methods and Results-For each of the 192 F 2 animals, phenotypes were determined, and genomic DNA was screened for polymorphic microsatellite markers. Significant quantitative trait loci (QTLs) were detected for basal serum cholesterol level on chromosome 1 (D1Rat335-D1Rat27: total population, lod score 9.6; females, lod score 10.3) and chromosome 7 (D7Rat69: males, lod score 4.1), for postdietary serum cholesterol level on chromosome 2 (D2Rat69: total population, lod score 4.4) and chromosome 16 (D16Rat6-D16Rat44: total population, lod score 3.3), for postdietary serum phospholipid level on chromosome 11 (D11Rat10: total population, lod score 4.1; females, lod score 3.6), and for postdietary serum aldosterone level on chromosome 1 (D1Rat14: females, lod score 3.7) and chromosome 18 (D18Rat55-D18Rat8: females, lod score 2.9). In addition, QTLs with borderline significance were found on chromosomes 3, 5 to 11, 15, and 18. Key Words: cholesterol Ⅲ phospholipids Ⅲ quantitative trait loci Ⅲ steroid hormones Ⅲ rats A therosclerosis is a complex disorder in which genetic and environmental factors play a role. A high serum cholesterol concentration is one of the risk factors in the development of this disease. Circulating cholesterol levels do not exclusively reflect dietary habits; epidemiological studies have revealed consistently higher than average serum cholesterol levels only in particular individuals after a high dietary cholesterol intake. 1 Individual differences in serum cholesterol concentration also exist after a diet with low-fat and/or low-cholesterol content. Similar variability in serum cholesterol levels can also be observed in laboratory animals such as mice, 2 rabbits, 3 and rats 4 in response to control diets and to high-fat and high-cholesterol diets. [5] [6] [7] [8] Differences observed between inbred strains of these species indicate that the basal serum cholesterol concentration and the rate of increase in serum cholesterol levels after a cholesterol-rich diet are under genetic control.
A therosclerosis is a complex disorder in which genetic and environmental factors play a role. A high serum cholesterol concentration is one of the risk factors in the development of this disease. Circulating cholesterol levels do not exclusively reflect dietary habits; epidemiological studies have revealed consistently higher than average serum cholesterol levels only in particular individuals after a high dietary cholesterol intake. 1 Individual differences in serum cholesterol concentration also exist after a diet with low-fat and/or low-cholesterol content. Similar variability in serum cholesterol levels can also be observed in laboratory animals such as mice, 2 rabbits, 3 and rats 4 in response to control diets and to high-fat and high-cholesterol diets. [5] [6] [7] [8] Differences observed between inbred strains of these species indicate that the basal serum cholesterol concentration and the rate of increase in serum cholesterol levels after a cholesterol-rich diet are under genetic control.
To genetically analyze these phenotypes in laboratory rats, we performed a total genome scan of an F 2 population derived from the BC/CpbU and LEW/OlaHsd rat inbred strains. Cholesterol (basal and postdietary serum level and postdietary liver concentration) and cholesterol-related traits (postdietary serum phospholipid, aldosterone, and corticosterone levels) were measured in the F 2 animals. The cholesterolrelated traits were included into the present study because in the F 2 population these parameters were significantly associated with postdietary serum cholesterol levels. The results of this quantitative trait loci (QTL) analysis and possible candidate genes located in the vicinity of some QTLs will be discussed.
Methods
The Methods section can be accessed online (http://www.atvb.ahajournals.org).
Results

Parental Strains
For parental strains, please see Table 1 . At the beginning of the test period, all rats were of the same age, but the body weight of the LEW rats, compared with the BC rats, was higher. Males and females of the BC strain had equal body weights. In contrast, initial body weight of the LEW males was higher than that of the LEW females. As would be expected, body weight increased, in an identical fashion, in the 2 inbred strains during the course of the experiment. At the end of the test period, the LEW rats had a higher body weight than the BC rats, and the males were significantly heavier than the females.
Pre-experimental serum cholesterol levels (baseline values) were significantly higher in the BC rats than in the LEW rats. Baseline serum cholesterol levels were similar in males and females of the BC strain. These levels were significantly higher in LEW females compared with LEW males. Because there were significant differences in initial body weight, group means of baseline serum cholesterol levels were also compared by ANOVA, with initial body weight as a covariate. The effect of the rat's sex on baseline serum cholesterol concentration disappeared, but there tended to be a strain effect.
The high-fat high-cholesterol diet produced an increase in serum total cholesterol levels in LEW rats but not in BC rats (in fact, in BC males there was a significant decrease). This increase was more pronounced in female compared with male LEW rats. Sex and strain significantly affected the final serum cholesterol concentration. However, after correction for body weight, the sex effect was of borderline significance, but the strain effect was still highly significant. Group mean postdietary serum phospholipid levels were higher in the LEW strain than in the BC strain; this strain effect reached the level of statistical significance only in the females. After correction for body weight, there was a significant strain effect.
Although serum cholesterol levels in males of the BC strain responded with a decrease to a high-fat high-cholesterol diet, the postdietary liver cholesterol concentration was significantly higher in male BC rats compared with male LEW rats. Female rats compared with male rats of the LEW strain, but not of the BC strain, had significantly elevated hepatic cholesterol levels. In the 2-way ANOVA with final body weight as a covariate, these effects did not reach the level of statistical significance. Group mean circulating adrenal steroids levels were higher in BC rats than in LEW rats. However, after correction for body weight, this strain effect was significant only for serum aldosterone concentration.
Genetic Mapping of Quantitative Traits
For genetic mapping of quantitative traits, please see Tables  2 and 3 , Figure 1 , and online Figures I to IV (available at http://www.atvb.ahajournals.org). The results of the QTL analysis using the MapQTL software are summarized in Table 2 . For initial body weight, male-or female-specific Values are meansϮSD for 6 (serum parameters and body weight) or 4 (liver cholesterol concentration) animals per group. Note that a P value of 0.000 does not mean that it is zero, only that it is less than 0.0005.
*P values in two-way ANOVA with main factors strain and sex. S indicates effect of strain; G, effect of sex; SϫG, interaction. Significant effects (PϽ0.05) are indicated in bold characters. For statistical analysis of serum and liver parameters, body weight was used as covariate.
†P values in unpaired Student's t test. Significant differences (PϽ0.0167 for serum cholesterol level and body weight; PϽ0.025 for the other parameters) are indicated in bold characters.
‡P values in paired Student's t test. Significant differences (PϽ0.0167) are indicated in bold characters. §ANOVA after logarithmic transformation of the data.
QTLs were mapped on chromosomes 5 and 7 (please see online Figure IA Table 2 ). QTLs with borderline significance were found on rat chromosomes 3, 5 to 11, 15, and 18 (Table 2) . Table 2 also illustrates the existence of sex-specific and sex-independent QTLs. Table 3 shows the phenotypes of each of the 3 genotypes (LL, LB, and BB) segregating at selected loci on chromosomes that were significantly associated with a trait. The allele frequencies were not statistically different (PϾ0.05) from the expected ratio, 1:2:1 (LL:LB:BB), with 1 exception, D1Rat335 in females. However, the closely linked marker D1Rat27 showed no segregation deviation in females, and the ANOVA results of D1Rat27 and D1Rat335 (PϽ0.0005) point to a QTL also in females; the lod score for baseline serum cholesterol level was somewhat higher with D1Rat335 as a marker. Therefore, taken together, the segregation distortion at D1Rat335 is not a serious problem for quantitative trait linkage analysis.
Interactions
A 2-way ANOVA was used for evaluating genetic interactions (Table 4 and Figure 2 ) among selected loci, ie, among the loci that were flanking a segment that contains a candidate gene (see Discussion). Table 4 summarizes the significant interactions. Figure 2 illustrates the interaction between the D1Rat335 and D11Rat10 loci for baseline serum cholesterol levels. When rats were homozygous for the BC allele at the D1Rat335 locus and homozygous for the LEW allele at the D11Rat10 locus, the baseline serum cholesterol levels were highest.
Discussion
In the present study, genome-wide scanning of 192 F 2 animals derived from the rat inbred strains BC and LEW for associations between marker genotypes and quantitative traits related to dietary cholesterol susceptibility resulted in the localization of quite a few QTLs with borderline significance (on rat chromosomes 3, 5 to 11, 15, and 18; Table 2 ) and 7 significant QTLs (on rat chromosomes 1, 2, 7, 11, 16, and 18; Tables 2 and 3, Figure 1 , and online Figures I to IV) . Between body weight and cholesterol or related phenotypes, there were in the F 2 rats weak, but significant, associations (please see online Table I , available at http://www.atvb.ahajournals.org). This prompted us to perform a 1-way (Table 3) or 2-way (Table 4 and I) ANOVA with a covariate (body weight). Despite the use of a covariate, the genotypes at selected loci were still significantly associated with the traits (Table 3) . Values are meansϮSD; number of rats is given in parentheses. Initial and final body weight are in g; baseline serum cholesterol level is in mmol/L; postdietary serum cholesterol and phospholipid level are in mmol/L; postdietary serum adrenal steroids level is in nmol/L; postdietary liver cholesterol concentration is in mol/g wet weight. Some DNA samples failed to give a conclusive genotype, hence the number of rats typed varied slightly with each locus. Note that a P value of 0.000 does not mean that it is zero, only that it is less than 0.0005. *L indicates LEW allele; B, BC allele. †lod scores reported are at the markers indicated. In some instances the lod score between markers is higher (see Figures I through IV) . ‡One-way ANOVA with main factor genotype. For statistical analysis of serum and liver parameters, body weight was used as covariate. §P value after logarithmic transformation of the data.
Furthermore, the body weight QTLs did not localize to regions where the QTLs for cholesterol and related phenotypes were found (Table 2 ; please see online Figure IA versus Figure 1B ). Thus, it could be excluded that the QTLs for the cholesterol and related phenotypes are QTLs controlling interstrain differences in body weight. It is a common practice to study the genetic background of phenotypes with multiple environmental and genetic components by crossing 2 inbred strains that differ for the parameter under study and subsequently intercrossing or backcrossing the F 1 progeny. In most studies, the progenitor strains also differ regarding body weight. We believe that in these studies, body weight should be considered, at least when there is evidence of an association between the parameters under study and body weight. Kovács et al 11 reported significant linkage of the marker D1Mit14 with basal serum cholesterol levels in a study of a backcross derived from SHR/Mol and BB/OK rats. Genetic analyses of OLETFϫ(OLETFϫFischer 344) rats revealed statistically significant linkage between D1Rat306 and basal serum cholesterol levels. 12 These QTL regions are located at the telomeric part of the q arm of rat chromosome 1 and do not colocalize with the QTL region D1Rat335-D1Rat27 as found in the present study ( Figure 1A) . The markers D1Rat306 and D1Mit14 are located at Ϸ133 cM in the rat genome database map, whereas D1Rat27 is located at 45 cM.
Interestingly, the region around D1Rat27 ( Figure 1A ) contains the Apoe gene. 13 ApoE plays a pivotal role in the catabolism of triglyceride-rich lipoproteins by serving as a ligand for lipoprotein receptors. The Apoe gene might be a positional candidate for this QTL. In humans, allelic variation of the Apoe gene has been associated with differences in serum total cholesterol 14 and LDL cholesterol 15 levels. Transfer of a segment of chromosome 1 containing the Apoe gene from the BN/Cr rat inbred strain into the genetic background of the SHR/Ola rat 16 caused a significant increase in LDL/ HDL 1 cholesterol level. The SHR.BN-D1Wox6-D1Mgh11/ Ipcv (nϭ6) compared with the SHR/Ola (nϭ6) had increased LDL/HDL 1 cholesterol (on average, 65% higher level; Pϭ0.001 by unpaired Student t test; unpublished data).
For mice, several genetic analyses have been published that revealed QTLs influencing hepatic or plasma cholesterol concentration after a high-cholesterol diet. 2, 18, 19 However, to the best of our knowledge, this is the first report dealing with rats in which a genome-wide search successfully identified multiple chromosomal regions linked to circulating cholesterol levels after a high-fat high-cholesterol diet (Tables 2 and  3 and online Figure II) . The present study also supports our previous findings of a QTL on rat chromosome 2 influencing postdietary IDL cholesterol levels. 20 Bottger et al 21 localized the gene (Lpl) coding for lipoprotein lipase (LPL) to rat chromosome 16. In the radiation hybrid map, Lpl is located near the marker D16Rat6. 13 In the present study, the latter marker is located in the vicinity of the QTL controlling serum cholesterol levels on rat chromosome 16. LPL plays a major role in lipoprotein metabolism, 22 and in humans, LPL mutations have been associated with atherosclerosis and dyslipidemia. 23 The SHR.BN-D16Mit5/Cub congenic strain is a rat strain with the genetic background of the spontaneously hypertensive rat (SHR) onto which a segment from the BN strain, containing the Lpl gene, has been transferred. 16 This SHR-BN congenic strain (nϭ4) has a significantly increased serum cholesterol level compared with the SHR/Ola (nϭ6) progenitor strain after the feeding of a high-fat high-cholesterol diet (on average, 81% higher level; Pϭ0.014 by unpaired Student t test). 17 Thus, Lpl could be the gene on rat chromosome 16 that is controlling postdietary circulating cholesterol levels.
Up until now, 2 QTLs controlling serum phospholipid levels have been described in the rat. Bottger et al 21 and Kovács et al 24 found a QTL for basal serum phospholipid levels on rat chromosome 4. Postdietary HDL 2 phospholipids were associated with the same region of rat chromosome 4 24 or with rat chromosome 20. 21 In the present study, we could not confirm the aforementioned associations. However, we now found a QTL for postdietary serum phospholipid levels on rat chromosome 11 (Tables 2 and 3 and online Figure III) . As to the gene involved, we can only speculate. This segment of rat chromosome 11 is homologous with mouse chromosome 16 and human chromosome 3q, where the gene for CTP:phosphocholine cytidylyltransferase (Pcyt1a) is located. This gene is involved in hepatic phospholipid metabolism. 25 On the basis of homology, one might speculate that this gene is responsible for the strain difference in serum phospholipid level in rats fed high-fat high-cholesterol diets. For humans, a significant interaction between Apoe and Lpl variants for circulating HDL cholesterol levels has been described. 26 In the present study, there was no interaction between the segment of rat chromosome 1 that contains the Apoe gene and the Lpl containing chromosomal segment (rat chromosome 16). However, we detected a significant association between chromosome 11 and 1 or 16 (Table 4) . This association points to a gene-gene interaction of Pcyt1a with Apoe and Lpl. To the best of our knowledge, such an interaction has not been described previously.
The reciprocal relationship between cholesterol metabolism and adrenal steroid hormone activity is well established. Therefore, we anticipated that QTLs affecting serum cholesterol concentration might also be associated with variations in serum corticosterone. However, no significant QTLs for corticosterone were identified, even though there were significant interactions between the markers flanking a cholesterol-QTL (D1Rat335, D16Rat6, and D16Rat44) and the D11Rat10 marker (Table 4) , thus suggesting a relationship between circulating cholesterol and corticosterone levels. Interestingly, QTLs for aldosterone were revealed on regions of chromosomes 1 and 18, where QTLs for high blood pressure have previously been identified. 27, 28 The genes responsible for these aldosterone variations are not known but may, indirectly, relate to the regulation of electrolyte metabolism. 27, 29 In the mouse, several QTLs also involved in cholesterol metabolism have been localized. 18,19,30 -35 The chromosomal positions of the QTLs as found in the present study have been compared with the chromosomal locations of QTLs found in the mouse. A homologous location of the QTL for basal serum cholesterol levels on rat chromosome 1 (Figure 1 ) has been confirmed by 2 studies in the mouse. Gu et al 18 and Purcell-Huynh et al 30 found a QTL on mouse chromosome 7 in the vicinity the Apoe gene. For serum total cholesterol levels, a QTL on rat chromosome 2 was found (please see online Figure II ). On the homologous region of mouse chromosome 3, a QTL for serum cholesterol levels was also identified. 35 Furthermore, on mouse chromosome 18, a QTL for phospholipids levels has been found. 36 Mouse chromosome 18 is homologous to rat chromosome 18, where we have found a suggestive QTL for this trait (Table 2) . These findings seem to indicate that these traits have been conserved in the evolutionary differentiation of these species and thus may play a major role in cholesterol metabolism.
In summary, the present study indicates that rat chromosomes 1 to 3, 5 to 11, 15, 16, and 18 each contain at least 1 QTL that is involved in blood and/or hepatic lipid concentrations (or related phenotypes). Because the QTL mapping data were obtained with a relatively small number of animals, further experiments, including the development of (double) congenic strains or knockout strains after gene cloning, are necessary to precisely map the QTLs and to confirm the role of the suggested candidate genes.
